Weight reduction through caloric restriction (CR) or exercise can have opposite effects on bone. This study investigated the effects of comparable weight reduction through CR and/or exercise on body composition and bone structure in an obese rat model. Male 6-week-old rats were fed either a normal-fat diet for 6 months or a high-fat (HF) diet for 3 months and then started on different CR or exercise regimens for an additional 3 months. Compared to HF conditions, rats given HF diet plus CR at 8% (HF+8CR), HF diet plus CR at 16% (HF+16CR), or HF+8CR plus exercise (HF+Ex+8CR) had lower fat mass. In addition, HF+8CR rats had lower serum tartrate-resistant acid phosphatase and bone volume/total volume at distal femur (P < 0.05), and HF+16CR rats had lower serum insulin growth factor 1, osteocalcin, tartrate-resistant acid phosphatase, and bone volume/total volume at distal femur and 2nd lumbar vertebrae, compared to regimens that included exercise. These data indicate that while CR (e.g., HF+8CR) was detrimental to bone structure, combined with exercise CR (e.g., HF+Ex+8CR) was effective in decreasing adiposity and mitigating bone structural deterioration associated with weight reduction in obese rats.
Introduction
Obesity, a condition in which excessive body fat accumulates to a degree that adversely affects health, 1 is linked to many chronic disorders. [2] [3] [4] Lifestyle modification to achieve healthy body weight is a primary and effective strategy for reducing obesity and obesity-related comorbidities and improving quality of life. 5 Weight reduction can be accomplished by either reducing energy intake, that is, caloric restriction (CR), or increasing energy expenditure, that is, exercise (Ex). However, weight reduction often induces bone loss in overweight and/or obese humans and in animal models 6 because, in general, body weight is positively correlated with bone mineral density in animals and humans [7] [8] [9] and body weight, through mechanical loading, stimulates proliferation and differentiation while decreasing apoptosis of osteoblasts and osteocytes. This process leads to increased bone formation through Wnt/␤-catenin signaling pathway. [10] [11] [12] Studies have demonstrated that obesity increases bone resorption and/or decreases bone formation resulting in reduced bone mass and strength in various animal models. [13] [14] [15] Thus, obese individuals who undergo a weight loss regime may have an increased risk for bone loss and bone fracture. CR is an effective means to decrease body weight and adiposity, 16 improve blood glucose control, serum triglycerides and cholesterol, decrease inflammatory responses and oxidative stress, and mitigate aging-related processes. 17 However, CR is associated with bone loss and the increased risk of bone fracture. 6, 18, 19 On the other hand, while the efficacy of Ex as a sole intervention on weight loss and adiposity remains controversial, 20 the effects of Ex on improving bone quality and strength in normal or obese humans and animal models are well established. [21] [22] [23] [24] [25] [26] The effectiveness of CR combined with Ex on adiposity and bone microstructure in obese animals, especially when body weight is not a confounding factor, has not been adequately investigated. The study herein therefore investigated the effects of comparable weight reduction achieved through CR and/or Ex on adiposity, bone structure, and related bone biomarkers. The working hypothesis was that CR combined with Ex is more effective than CR alone (in these experimental settings) in reducing adiposity and mitigating bone structural deterioration in weight reduction in high-fat (HF) diet-induced obesity in rodents.
Methods and materials

Animals and treatments
Seventy-eight male Sprague-Dawley rats, 6-weekold, were obtained from Charles River Laboratories (Wilmington, MA). All animals were housed individually in Plexiglas ventilated cages in an environmentally controlled pathogen-free facility with a 12-h light/12-h dark cycle. The animal protocol for the study was approved by the USDA Grand Forks Human Nutrition Research Center Animal Care and Use Committee. Animals were maintained and processed in accordance with the NIH Guide for the Care and Use of Laboratory Animals. Rats were allowed to acclimate to our animal facility for 3 days on a Purina Rat Chow #5012 (Ralston-Purina, St. Louis, MO). Animals were randomly assigned to the following six treatment groups (n = 13). In the normal-fat (NF, 10% kcal as fat, D12450B, Research Diets, New Brunswick, NJ) group, animals were fed the NF diet for 6 months; the remaining animals in the other five groups were fed an HF diet (45% kcal as fat with extra fat from lard) ad libitum for 3 months and then started the following different diet or Ex treatments for an additional 3 months. A diagram of the study design is shown in Figure 1 . HF, animals were fed the HF diet; HF+8CR, animals were fed the HF diet with food intake restricted by 8% below the average ad libitum food intake of the HF group; HF+16CR, animals were fed the HF diet with food intake restricted by 16% below the average ad libitum food intake of the HF group; HF+Ex, animals underwent Ex protocol as described in the section below with food intake limited to that of Rats in the HF+Ex and the HF+Ex+8CR groups underwent involuntary Ex using motordriven running wheels (Lafayette Instruments Co., Lafayette, IN) as described in our previous study. 28 Rats in the HF+Ex group performed 9 m/min for 2 h/day, while animals in the HF+Ex+8CR group performed Ex at the speed for 1 h/ day.
All animals had free access to tap water throughout the study
Body composition
Body mass was recorded weekly. Body composition (fat versus lean mass) was measured 1 day before sacrifice by an EchoMRI-100 whole body composition analyzer (Echo Medical Systems, LLC, Houston, TX) according to the manufacturer's instruction as described previously. 29 
Sample preparation
At the end of the study, rats were euthanized with an overdose of a ketamine cocktail (1.37:1 mixture of ketamine (Animal Health Co., St. Joseph, MO):xylazine (Phoenix Scientific, St. Joseph, MO)). Blood samples were collected and centrifuged at 1500 × g for 20 min at 4°C, and the resulting serum was stored at −80°C until analyzed. The right femur and the 2nd lumbar vertebra (L2) of each rat were removed, cleaned of adherent tissue, and stored at −20°C before being scanned by micro computed tomography (CT) as described below. The left femur of each rat was quickly removed and cleaned of adherent tissue. Then, bones were flashfrozen in liquid nitrogen and stored at −80°C for gene expression analysis.
Bone structure evaluation with μCT
The right femur and the L2 of each rat were scanned using a Scanco CT scanner 40 (Scanco Medical AG, Bassersdorf, Switzerland) and analyzed as described previously. 28 The recommended guidelines for CT scanning 30 and bone histomorphometry nomenclature were followed. 31 Measurements of serum biochemical markers Serum concentrations of bone-related biochemical markers were determined by using the respective commercial anti-rat enzyme-linked immunosorbent assay kits according to the manufacturers' instructions: leptin (ALPCO Diagnostics, Windham, NH), adiponectin (R&D Systems, Minneapolis, MN), IGF-1 (R&D Systems), osteocalcin (a bone formation marker, Biomedical Technologies Inc, Stoughton, MA), and tartrate-resistant acid phosphatase (TRAP5b, a bone resorption marker, Immunodiagnostic System, Fountain Hill, AZ).
Measurement of mRNA in bone
Frozen femurs were pulverized with a liquid nitrogen-cooled stainless steel mortar and pestle and total RNA was obtained using Trizol (Invitrogen, Carlsbad, CA) reagent according to the manufacturer's instructions. Denatured total RNA from cells (2 g) was reverse transcribed and amplified and quantified by using a Sequence Detection System (SDS 7300) as previously described. 13 Relative mRNA levels were normalized to levels of GAPDH mRNA in the same sample. The sequence information of oligonucleotide primers is presented in Supplementary Table S1 (online only).
Statistical analyses
Data are expressed as group mean ± SD and were analyzed using a one-way ANOVA (JMP, version 9.0.0, SAS Institute, Inc.). Dunnett's post-hoc test was used to compare statistical significance of treatments using the HF group as the control. A power analysis indicated that detection of a significant difference in the primary outcome variable of femoral BV/TV of 2.2% between any two groups with a 0.90 power and α = 0.05 13 would require 13 rats/group. In all of the analyses, P ࣘ 0.05 was considered to be statistically significant.
Results
Prior to the initiation of CR and Ex at 3 months, food intake by animals fed the HF diet was less than that for the NF diet ( Fig. 2A) . However, animals in the HF fed groups consumed the same amount energy per day (Fig. 2B ) due to the higher caloric content of the HF diet (4.7 kcal/g), compared with the NF diet (3.8 kcal/g).
The body mass of rats was similar among all six-treatment groups at the beginning of the study (Fig. 3A) . Before the initiation of CR or Ex regimens at 3 months, the body mass of animals fed the HF diet was greater than those fed the NF diet (P < 0.05), and was similar among the five HF diet groups (Tukey test, P > 0.05). CR and Ex decreased the body mass of rats. At the end of the study, compared to rats fed the HF diet, animals in the NF, HF+8CR, HF+16CR, and HF+Ex+8CR groups had lower body mass (P < 0.01), as did rats in HF+Ex group (P < 0.05).
We further examined the extent to which CR or Ex affected body composition, that is, fat mass and lean mass. After 3 months on the HF diet and before the initiation of CR and Ex regimens, rats in the HF fed groups developed adiposity with increased fat mass ( Fig. 3B ) but had similar lean mass (Fig. 3D ), compared to those in the NF group. At the end of 3 months of CR and Ex, compared to the NF group, rats in the HF group had a higher (P < 0.05) fat mass (122 ± 21 versus 81 ± 13 g, respectively, Fig. 3C ) but similar (P > 0.05) lean body mass (366 ± 33 versus 355 ± 23 g, respectively, Fig. 3E ). CR without (HF+8CR and HF+16CR) or with Ex (HF+Ex+8CR) decreased fat mass and did not affect lean mass, compared to the HF group. Ex without CR (HF+Ex) did not decrease fat mass significantly, compared with that of the HF group (P = 0.06).
Trabecular bone structure of distal femur and L2 vertebrae and cortical bone of femoral middiaphysis in response to different treatments were evaluated with nondestructive CT (Table 2) . CR was detrimental to bone microstructure and affected bone formation and resorption markers as indicated below. Compared with the HF group, BV/TV was lower at distal femur (P < 0.05), while BV/TV at L2 vertebrae was not lower (P = 0.09) for the HF+8CR group. The HF+16CR animals had lower BV, BV/TV, and Conn.Dn (P < 0.01) at distal femur, and lower BV/TV (P < 0.05) and Tb.N (P < 0.01) and higher Tb.Sp (P < 0.01) at L2 vertebrae than those in the HF group. The HF+16CR group had lower Tb.N (P = 0.05) at distal femur and lower Conn.Dn (P = 0.05) at L2 vertebrae than the HF group. There were no detectable differences (P > 0.05) in trabecular bone parameters at distal femur or L2 vertebrae between the HF and HF+Ex groups. None of parameters of mid-shaft femur were significantly affected by the HF diet, CR, or Ex.
Consistent with the higher levels of adiposity, the serum concentration of leptin (Fig. 4A ) was higher in HF rats than those in NF, HF+8CR, and HF+16CR groups (P < 0.01). There was no difference in serum leptin concentration between the HF and HF+Ex groups and no difference between HF+Ex+8CR and HF groups (P = 0.06). There were no differences in serum adiponectin (Fig. 4B ) between HF and any other groups. Serum IGF-1 (Fig. 4C) was lower in the HF+16CR than in the HF group (P < 0.05). Rats in the NF group had higher serum osteocalcin, while those in the HF+16CR had lower serum osteocalcin (Fig. 4D) , compared to the HF group (P < 0.05), indicating decreased bone formation in HF+16CR animals. Serum TRAP (Fig. 4E ) was higher in the HF group than in the NF group (P < 0.01), indicating increased bone resorption in animals fed the HF diet. Animals in HF+8CR, HF+16CR, HF+Ex, or HF+Ex+8CR groups had lower serum TRAP compared with rats in the HF group (P < 0.05).
CR affected the expression of IGF-1, osteocalcin, and TRAP in bone (Fig. 5) . Compared to the HF group, IGF-1 mRNA was lower (P < 0.01) in the HF+16CR group. Osteocalcin mRNA in bone was lower (P < 0.05) in the HF+16CR group, while the HF+8CR and HF+16CR groups had lower TRAP mRNA (P < 0.01), compared with the HF group. TRAP mRNA was also lower in the HF+Ex+8CR than the HF group (P < 0.05).
Discussion and conclusion
Evidence suggests that obesity negatively affects bone health by a variety of mechanisms and that body weight in the form of fat mass is detrimental to bone mass and strength. 18, 32 Weight reduction is recommended to reduce obesity and obesity-related chronic diseases but it is often associated with bone loss. It is estimated that a 10% weight loss results in about 1−2% bone loss at various bone sites. 6 Therefore, obese individuals may be at an increased risk of inferior bone during weight reduction.
Similar to various prior studies in HF dietinduced animal models, 13, 14, [33] [34] [35] [36] rats on the HF a Values are mean ± SD (n = 13). Data were analyzed by a one-way ANOVA. Dunnett's post-hoc test was used to compare statistical significance of treatments using the HF group as the control group. *P < 0.05 and **P < 0.01. B.Ar, cross-sectional bone area; BV, bone volume; Conn. Dn, connectivity density; Ct.Th, cortical thickness; HF, high-fat diet (4.7 kcal/g and 45% energy as fat); Me.Ar, cross-sectional medullary area; NF, normal-fat diet (3.8 kcal/g and 10% energy as fat); T.Ar, cross-sectional total area; Tb.N, trabecular number; Tb.Sp, trabecular separation; Tb.Th, trabecular thickness; TV, total volume.
diet had a lower concentration of osteocalcin and a higher concentration of TRAP, indicating the HF negatively impacted bone metabolism. However, a detrimental effect of the HF on bone structure in rats was not significant compared to those observed in mice 13, 14 or obese-prone rats. 28 Compared to animals on a normal-fat diet, after 3 months on an HF diet, mice had 30% higher body weight 13 or 30% more fat mass, 29 and obese-prone Sprague-Dawley rats had 19% more body weight with ß25% more fat mass. 28 Whereas in the current study, rats had only 6% higher body weight with about 16% more fat mass (data not shown). These data suggest that the detrimental effect of an HF diet on bone structure might be influenced by the degree of adiposity.
Other major findings of this study are (1) CR decreased serum leptin concentration and was more effective in reducing adiposity compared to Ex without CR; (2) CR decreased serum concentrations of TRAP, IGF-1, and osteocalcin, and negatively affected bone structure; (3) Ex decreased serum concentration of TRAP; and (4) CR combined with Ex decreased adiposity and mitigated weight lossinduced bone structural deterioration.
While CR has been shown to have many health benefits, 17 CR alone has been recommended with caution because of its well-documented negative impact on bone health. 17, 37 The detrimental effect of CR on the skeleton is due to a reduction in bone formation as a result of reduced mechanical loading conferred by body weight, decreased circulating IGF-1 and diminished estrogen synthesis from reduced fat depots, and/or reduced Ca intake and absorption from energy restriction. 6 As expected and similar to other reports, 38, 39 we found that CR by 8% or more decreased fat mass and serum leptin concentrations and also lowered serum concentrations of osteocalcin and IGF-1, a bone anabolic agent that stimulates osteoblast proliferation and reduces osteoblast apoptosis. 40 As a result of these changes, CR compromised bone microstructure at both distal femur and 2nd lumbar vertebrae.
Calorie restriction may adversely affect bone through other mechanisms. For example, Devlin et al. 38 reported that while CR decreased body fat, it actually increased adipocyte differentiation in bone marrow compartment. Since adipocytes and osteoblasts in the bone marrow environment are derived from a common mesenchymal stem cell, 41 by increasing bone marrow adiposity, CR may impair mesenchymal stem cell differentiation to osteoblasts and therefore decrease osteoblast number and activity leading to reduced bone formation. 38 An inverse relationship between bone marrow adiposity and bone mass has been demonstrated. 42, 43 It is important to emphasize that the deleterious skeletal effect of CR, as found in this study, could not be attributable to the difference in intake of micronutrients because diets for animals in the CR groups were formulated with extra minerals and vitamins proportionally to ensure similar intake of these micronutrients among treatment groups.
Our findings that trabecular rather than cortical parameters were affected by CR differ from those reported by Hamrick et al. 44 in which femoral trabecular bone volume was spared in caloric restricted mice. The data presented herein are consistent with the concept that trabecular bone is more actively remodeled and therefore is more responsive than cortical bone to treatments due to the larger surface to volume ratio. 45 In contrast to the present study, where obese rats underwent up to 16% CR, nonobese mice experienced severe CR up to 40%. 44 It is possible that specific bone compartments or bone sites of normal nonobese animals could be preserved during severe CR.
The decrease in serum concentration of TRAP with CR observed in this study indicates bone resorption was decreased. This could be due to CRinduced downregulation of inflammatory profile and oxidative stress. 46, 47 Upregulation of proinflammatory genes in adipose tissue of HF diet fed mice has been reported. 29, 48 Therefore, while not measured in this study, decreased fat mass could indicate reduced proinflammatory production. Indeed, we previously showed that an HF diet increased expression of proinflammatory cytokines in adipose tissue. 29 The decrease in bone resorption may also be likely a compensatory response for the decrease in bone formation with CR.
Regardless of body weight changes, Ex has numerous health benefits, including on bone health. 49 As an important component of weight management, Ex is one of the recommended means to reduce obesity and its related health disorders.
The Ex protocol in this study was designed based on the findings from Cao and Picklo, 28 in which involuntary Ex with running wheel for 12 weeks following 14 weeks on an HF diet decreased body weight and fat mass of HF diet fed rats, compared to those fed normal-fat diet. In addition, the amount of the HF diet given to Ex only animals was limited to that consumed by HF diet fed animals to prevent any compensatory increases in appetite since controversy exists regarding the impact of Ex on appetite. [50] [51] [52] In the present study, unlike CR, Ex alone for 3 months in rats fed an HF diet for 3 months induced weight loss, but did not result in deterioration in bone structural indices, a finding similar to a previous study. 28 These findings are consistent with the idea that Ex is a strong anabolic stimulus for bone by providing mechanical loading. [53] [54] [55] Ex alone did not result in a significant decrease in fat mass and serum leptin concentration compared to animals continued on the HF diet. These findings contrast with a previous study. 28 The smaller decrease in body weight compared to the previous study may have contributed to the lack of change in fat mass and serum leptin. In the previous study, obese prone rats were used, and animals in the Ex group had free access to the HF diet. The possible differences in the responsiveness to involuntary Ex between obese prone and normal rats need to be further investigated. The findings reported here are in agreement with findings that Ex alone may not be enough to induce substantial weight loss or reduce adiposity, 49, 56 likely because Ex influences multiple hormones that could suppress or stimulate food intake. 20 Regardless of the extent to which Ex influences body weight and fat mass, there is little doubt on the beneficial effect of Ex on bone mass and strength during weight loss regimens, as found in our current and previous studies. 28 In addition to providing mechanical loading to the skeleton, Ex may alter the balance of bone marrow adipocytes and osteoblasts. Mechanical loading increases osteoblastogenesis and inhibits adipogenesis, 57, 58 and voluntary running decreases bone marrow adiposity in HF diet fed mice, 59 an observation opposite to CR. 38 Furthermore, Ex may also affect bone turnover indirectly through adipokines or myokines such as leptin and IGF-1. Existing evidence suggests that Ex attenuates, but cannot fully prevent, bone loss during weight reduction. 18, 28 This evidence indicates that factors other than mechanical loading may also contribute to the process. Therefore, CR combined with Ex may provide greater improvement in physical function than either intervention alone. 18, 60 Indeed, data from the study reported above demonstrate that similar weight reduction through CR combined with Ex decreases body weight and effectively reduces adiposity, compared to CR alone, without compromising bone microstructure in the femur. Relative to the HF diet, 8CR induced a 12% decrease in BV/TV, while Ex or 8CR combined with Ex increased BV/TV by 3% or 6%, respectively. The changes in BV/TV in the animal model were high, compared to only 2% decrease in BMD observed in humans in response to CR, 19 and studies with animal models could provide mechanisms through which CR and Ex affect bone.
In conclusion, data from this study demonstrate that CR decreased fat mass and negatively affected bone structure. CR combined with Ex could decrease adiposity and mitigate weight loss-induced bone structural deterioration. Further studies are needed to determine the optimal combination of CR and Ex as well as the amount and type of Ex to reduce obesity while preserving skeletal integrity.
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